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Abstract
New limits on spin-independent WIMP-nucleon coupling using 39.5 kg-days of data taken with a p-type point-contact ger-
manium detector with ﬁducial mass of 840 g at the Kuo-Sheng Reactor Neutrino Laboratory (KSNL) is presented. Charactering
and understanding the anomalous surface behaviour is of particular signiﬁcance to this study. The slow rise-time of surface events
is identiﬁed via software pulse shape analysis techniques. In addition, the signal-retaining and background-rejecting eﬃciencies
are implied to clarify the actual bulk and surface events in the mixed regime at sub-keV range. Both eﬃciencies are evaluated
with calibration sources and a novel n-type point-contact germanium detector. Eﬃciencies-corrected background spectra from
the low-background facility at KSNL are derived. Part of the parameter space in cross-section versus WIMP-mass is probed and
excluded.
c© 2011 Published by Elsevier Ltd.
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1. Introduction
There is compelling evidence that about 85% of the matter of the Universe is made up of cold dark matter[1].
Weakly Interacting Massive Particles (WIMP, denoted by χ) are one of its leading candidates. Most experimental
programs aim at direct detection via elastic scattering oﬀ nucleon in terrestrial detectors and are optimized for mass
range at mχ∼10−100 GeV, motivated by popular supersymmetric models. The anomalous excess of events at low
energy with DAMA[2], CoGeNT[3], CRESST-II[4] and CDMS-II(Si)[5] experiments give rise to a possible common
region at WIMP mass of10 GeV. This attributes tensions with null results from other experiments[6, 7, 8, 9, 10, 11].
Germanium detectors sensitive to sub-keV recoil energy were identiﬁed and demonstrated as eﬀective means to probe
the low-mass WIMPs with mχ<10 GeV[12]. This inspired development of p-type point-contact germanium detectors
(pGe) with modular mass of kg-scale[13]. In particular, the CoGeNT experiment reported data with a ﬁducial mass
of 330 g detector[3], showing an excess of events at the sub-keV range over the background models. An annual
modulation signature was observed. Theoretical speculations in the low mass WIMP region were generated[14].
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Figure 1. (a) Typical B′(S′) pulses at T ∼ 700 eVee are depicted. (b)Scatter plot of the pGe rise time (log10[τ]) versus energy. The τ0-line
corresponds to the BS cut in this analysis, with τ-scan indicating the range of cut-stability test.
Independent experiments which can probe the CoGeNT allowed region and provide further understanding on the
detector response are crucial.
2. Experimental Overview
pGe was enclosed by an NaI(Tl) crystal scintillator as anti-Compton (AC) detector and copper passive shield-
ing inside a plastic bag purged by nitrogen gas evaporated from the liquid nitrogen dewar. This set-up was further
shielded by, from inside out, 5 cm of copper, 25 cm of boron-loaded polyethylene, 5 cm of steel and 15 cm of lead.
This structure was surrounded by cosmic-ray (CR) veto panels made of plastic scintillators read out by photomulti-
pliers. Both AC and CR detect serves not only rejecting background but being tags to identify samples for eﬃciency
measurements.
Signals from the point-contact are processed through a reset preampliﬁer with three identical outputs. The output
is distributed to a fast-timing ampliﬁer (fed by timing ampliﬁer, denoted as TA) which keeps the rise-time infor-
mation. Two of them are distributed to the shaping ampliﬁers at both 6 μs and 12 μs shaping time which provide
energy(denoted by T) information. The pedestal ﬂuctuation RMS is 55 eVee ( “ee” denotes electron-equivalent en-
ergy), the test pulser FWHM is 141 eVee while the electronic noise edge is at 400 eVee − electron-equivalent energy is
used. The analysis threshold is 500 eVee is due to the restriction on the analysis of diﬀerentiation of bulk and surface
events.
3. Diﬀerentiation of bulk and surface events
The outer surface electrode is fabricated by lithium diﬀusion. It brings about a ﬁnite thickness. Electron-hole pairs
produced by radiations at the surface (S) layer are subjected to a weaker drift ﬁeld than those at the crystal bulk region
(B). The S-events have only partial charge collection and slower rise-time. The thickness of the S layer for the pGe
is measured to be (1.16±0.09) mm, via the comparison of simulated and observed intensity ratios of γ-peaks from a
133Ba source[15]. This gives rise to a ﬁducial mass of 840 g, or a data size of 39.5 kg-days.
Typical B/S events at ∼700 eVee energy via the TA-signals are depicted in Figure 1a. Based on the rise time
information, the log10[τ] versus measured energy(T) scatter plot is displayed in Figure 1b. The boundary between
the bulk and surface layers is not well deﬁned at sub-keVee energy region, giving rise to events between the two
bands[17]. The observed and actual rates are denoted by (B′,S′) and (B,S), respectively. Events with τ less(larger)
than τ0 are categorized as B′(S′). At T > 2.7 keVee where the τ-resolution is better than the separation between the
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Figure 2. The processes of deviving (BS, λBS) and its derivation − (a) The measured total and B′ spectra from pGe with the surface-rich γ-ray
(241Am,137Cs) and bulk-rich cosmic-ray induced neutrons. They are compared to reference B-spectra acquired via simulations for γ-rays and nGe
measurement for cosmic-neutrons. (b) Allowed bands at near threshold and at a high energy band. (c) The measured (BS,λBS) and PN are shown
as functions of energy, overlaid with independent measurement of Ga-L X-rays.
two bands, the assignments B=B′ and S=S′ are justiﬁed. At lower energy, (B′,S′) and (B,S) are related by the coupled
equations:
B′ = BS · B + (1 − λBS) · S (1)
S ′ = (1 − BS) · B + λBS · S ,
with an additional unitarity constrain: B+S=B′+S′.
Calibration data with 241Am, 137Cs and in situ cosmic-ray induced fast neutrons are adopted to evaluate (BS,λBS).
Figures 2a shows the measured B spectra and their reference B derived from simulation. The allowed bands in
(BS,λBS) derived from the calibration data at 500−700 eVee and 2.2−2.4 keVee are illustrated in Figure 2b.
4. Results
The raw spectrum as well as those at various stages of selection procedures are depicted in Figure 3(a). The peaks
correspond to known K-shell X-rays from the cosmogenically-activated isotopes. The (BS,λBS)-corrected spectrum
of AC−⊗CR−⊗B is shown in the large inset. Errors above T ∼800 eVee are dominated by statistical uncertainties,
while those below have additional contributions from the BS calibration errors of Figure 2c, which increase as the
eﬃciencies deviate from unity at low energy. The analysis threshold is placed at 500 eVee, where (BS,λBS)∼0.5 and
the BS selection is no longer valid. The stability of (BS ,λBS ,B′,S′,B) is studied over changes of τ0 within the τ-scan
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Figure 3. (a) Measured energy spectra, showing the raw data and those with AC−⊗CR−(⊗B′) selections. The large inset shows the (BS,λBS)-
corrected AC−⊗CR−⊗B spectrum, with a ﬂat background and L-shell X-ray peaks overlaid. The small inset depicts the residual spectrum super-
imposed with that due to an allowed (excluded) cross-section at mχ=7 GeV. (b)Exclusion plot of spin-independent χN coupling at 90% conﬁdence
level, superimposed with the recent results from other benchmark experiments.
range of Figure 1. Measurements of B are stable and independent of τ0, as indicated by the small variations relative
to the uncertainties. On the contrary, (BS ,λBS ) exhibit signiﬁcant shifts in the expected directions. These features
indicate that the BS calibration procedures are valid and robust.
High energy γ-rays from ambient radioactivity produce ﬂat electron-recoil background at low energy, as veriﬁed
by the 241Am and 137Cs spectra of Figure 2a, and by the in situ AC+⊗CR−⊗B spectra. This, together with the L-
shell X-ray lines predicted by the higher energy K-peaks, are subtracted from AC−⊗CR−⊗B. At a given mχ, the ﬂat
background is measured at an energy range of at least 1.7 keVee and beyond the tail (<1%) of the χN recoil spectra.
The residual spectrum corresponds to χN candidate events and is depicted in the small inset of Figure 3. Constraints
on σSIχN are derived via the “binned Poisson” method[16] with conventional astrophysical models[1] (local density of
0.3 GeV/cc and Maxwellian velocity distribution with v0=220 km/s and vesc=544 km/s). The event rates of χN spin-
independent interaction cannot be larger than the residual spectrum. The quenching function in Ge is derived with
the TRIM software which matches well with existing data[18]. As illustration, χN recoil spectrum due to an allowed
(excluded) σSIχN at mχ=7 GeV is shown in Figure 3. Exclusion plot of σ
SI
χN versus mχ at 90% conﬁdence level is
displayed in Figure 3(b). Bounds from other benchmark experiments are superimposed[2, 3, 4, 5, 7, 9, 10, 11, 19, 21].
The favored region from the CoGeNT data with additional surface background subtraction[14] is included. An order
of magnitude improvement over our previous results[6] is achieved. We note that an excess remains in the sub-keV
region not yet accounted for in this analysis. Understanding of those events is the theme of our on-going investigations.
5. Status and Prospects
Studies continue on pGe and nGe at KSNL. Projects on improvement of electronics and sub-noise-edge analysis
are being pursued. Latest results from CDEX-1 experiment at China Jingping Underground Laboratory[20] with
a rock overburden of ∼2400 m were recently reported[21]. A PCGe array of 10 kg target mass range enclosed in
an active liquid argon anti-Compton detector is being constructed. Feasibility studies towards scale-up to ton-scale
experiment [22] are being pursued.
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